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Résumé :
Nous étudions la dynamique non-linéaire des films liquides minces cisaillés par
un écoulement de gaz laminaire. Ce système bicouche se développant dans une con-
duite est entraîné par le gradient de pression et la gravité. Nous décrivons la phase
liquide avec un modèle intégral au premier ordre en termes d’un petit paramètre
d’ondes longues, dans le but de réduire les coûts de calcul par rapport à la sim-
ulation numérique directe (DNS). De l’autre côté, nous étudions la phase gazeuse
avec des équations de Navier-Stokes compressibles. Afin d’analyser les interactions
liquide-gaz, nous introduisons une méthode de couplage entre ces deux ensembles
d’équations: notre approche se situe donc entre le DNS bicouche et le modèle ondes
longues appliqué aux deux phases. Nous présentons des comparaisons avec le modèle
ondes longues à ordre deux et avec le DNS, montrant un bon accord sur l’épaisseur
du film.
Abstract:
We investigate the non-linear dynamics of thin liquid films sheared by a laminar
gas flow, and study a two-layer channel flow driven by pressure gradient and possibly
by the gravity force. We describe the liquid phase with an integral model accurate at
the first order in terms of a long-wave parameter, with the aim to save computational
cost with respect to the Direct Numerical Simulation (DNS). On the other side, we
study the gas phase with compressible Navier-Stokes equations. In order to analyze
liquid-gas interactions, we introduce a coupling methodology between these two sets
of equations: our approach fits in between the full DNS and the full long-wave model
applied to both phases. We present comparisons with the two-layer second-order
low-dimensional model and with DNS, showing good agreement of spatio-temporal
evolutions of the film thickness.
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1 Introduction
Thin liquid films sheared by a laminar gas flow are often encountered in several
industrial processes, such as heat and mass transfers in heat pipes, structured packings
and distillation columns. Indeed, the interface plays a relevant role in the interaction
between the two phases, because of the development of surface waves.
However, experiments [11, 14, 4, 3] have shown that the waves developing on
gravity-driven liquid films, or at the liquid-gas interface for channel flows, are much
longer than the film thickness. This suggests the introduction of low-dimensional
models built on a film parameter ε << 1 which measures the smallness of the film
thickness compared to the wavelength of interfacial waves. These reduced models
are mostly based on the earliest works of Benney [1] and Shkadov [22] for falling
films down an inclined plane. Benney [1] has developed asymptotic solutions for
long-wave disturbances of liquid films subject to gravity. However, the resulting
evolution equation fails when studying the behavior of an unstable film far from the
instability threshold. On the other hand, Shkadov [22] has developed an integral
model of the boundary-layer equations. Despite this model ensures to capture the
long-wave interfacial instabilities, it does not assure the right stability threshold. This
shortcoming has been then addressed by Ruyer-Quil & Manneville [19, 20], by adding
corrections of further orders in ε to the velocity profile within the liquid film.
Concerning the modelisation of two-layer flows, the first studies are mostly based
on those of Benney and Shkadov, and thus manifest similar weaknesses [24, 16, 23, 9].
Instead, Dietze & Ruyer-Quil [5] have extended the weighted residual boundary-
layer technique [20] to two phases, getting rid of the above mentioned restrictions.
Nevertheless, the use of integral equations for the gas phase restricts the field of
application of such a model since cannot be used for any gas thickness. Meanwhile,
this approach has been also employed by Tseluiko & Kalliadasis [25] to model liquid
films sheared by a counter-current turbulent gas flow.
In our work, we couple a low-dimensional model for the liquid phase to com-
pressible Navier-Stokes equations accounting for the gas phase. This methodology,
that we call SWANS (Shallow Water ALE Navier-Stokes), is based on the moving
mesh technique (ALE) and can be then integrated inside industrial codes, such as the
CEDRE platform [18] developed at ONERA. Indeed, in our model the gas thickness
is not restricted by the long-wave theory, permitting to potentially study numerous
industrial applications. In addition, the methodology of coupling a shallow water
model to Navier-Stokes equations represents an intermediate approach between the
resolutions typically used for two-layer flows, that are either the fully Navier-Stokes
or the fully shallow water.
The article is structured as follows: the long-wave film model is described in Sec-
tion 2; Section 3 shows the coupling strategy between the long-wave film model and
the Navier-Stokes equations for the gas phase; Section 4 describes the computational
approach; Section 5 shows two test-cases while Section 6 the main conclusions.
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Figure 1: Sketch of the two-layer channel flow: index 1 refers to the liquid film, while index 2 to the gas.
2 Liquid film modeling
The problem considered in this work is a two-layer channel flow, as sketched in
Figure 1. The domain is two-dimensional: a thin liquid film on the lower wall of
the channel is sheared by a laminar gas flow on the top of it. The two-layer flow is
driven by pressure gradient and possibly by the gravity force, through the inclination
β of the channel. With reference to Figure 1, H denotes the height of the channel,
and h the local thickness of the liquid film. Subscripts 1 and 2 refer to liquid and
gas phases, respectively.
In this section we focus on the liquid film. As already mentioned, waves at the
surface of a liquid film of moderate Re are generally long compared to its thickness.
Therefore, space and time derivatives ∂x,t are smaller than the cross-stream ∂y , and
we can define the film parameter ε = h/λ << 1.
By using a scaling based on h˜0 for the length and U˜0 for the velocity, defined as film
thickness and average velocity of the uniform flow respectively, the Navier-Stokes
equations can be written in dimensionless form, being the pressure and the shear
stress scaled with ρU˜20 and U˜0µ/h˜0. Then, these equations up to O(ε) reduce to the
boundary-layer equations, namely
∂xu+ ∂yv = 0
∂tu+ u∂xu+ v∂yu = −∂xp+ Fr−1 sinβ +Re−1∂yyu
0 = −Fr−1 cosβ − ∂yp
, (1)
in addition to the boundary condition at the wall (y = 0) and at the interface (y = h):
u|0 = v|0 = 0 , (2a)
p|h = pi(x, t)−We−1∂xxh , (2b)
∂yu|h = τi(x, t) , (2c)
∂th+ u|h∂xh = v|h , (2d)
where pi(x, t) and τi(x, t) are the pressure and the shear stress exerted by the gas
at the interface, and are assumed to vary slowly. The dimensionless numbers are
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defined as Re = U˜0h˜0ν−1 and Fr = U˜20 g−1h˜
−1
0 for Reynolds and Froude, and
We = ρU˜20 h˜0γ
−1 ' O(ε2) for the Weber number.
2.1 Integration over the film thickness
The integration of equations (1) is the base ingredient to develop the long-wave
low-dimensional model of the liquid film. However, before performing the integration,
we replace the y-momentum equation into the x-momentum one through the pressure
p. By means of the boundary condition (2b), the hydrostatic pressure field reads
p(x, y, t) = −
∫ x
0
G(x) dx− 1
We
∂xxh+
1
Fr
cosβ(h− y) , (3)
where −G(x) is the interfacial pressure gradient ∂xpi in the gas. Finally, we replace
the x-derivative of (3) into the x-momentum equation of the system (1), and perform
the integration over the film thickness by means of the Leibniz’s integration rule and
the kinematic condition (2d). We obtain
∂th+ ∂xq = 0 , (4a)
∂tq + ∂x
(∫ h
0
u2 dy
)
+
cosβ
Fr
h∂xh =
1
Re
(
Λh+ τi − ∂yu|0
)
+
1
We
h∂3xh , (4b)
where q =
∫ h
0
u dy is the flow rate, τw = ∂yu|0 the wall shear stress and
Λ = Re Fr−1 sinβ +Re G(x) (5)
is the driving force including the stream-wise component of gravity and the pressure
gradient.
These equations couple the film thickness h and the flow rate q (alternatively, y-
averaged stream-wise velocity U = q/h), with the exception of the integral of squared
velocity and the wall shear stress. Hence, integrated boundary-layer equations (4)
need closure models. Thus, we provide an asymptotic expansion of the boundary-
layer equations with respect to the small parameter ε, and finally obtain velocity and
stress fields at O(ε). Recalling that ∂x,t ∼ ε and v << u, the velocity field can be
expanded as u = u(0) + u(1) and v = v(1) + v(2), where the superscript (0) denotes
the leading-order (parallel) flow and (1) denotes order ε corrections. As a results,
the double integration of the x-momentum equation of (1) provides, at order zero,
u(0)(x, y, t) = τiy + Λ
(
hy − y2/2) , (6)
thanks to the boundary conditions (2c) and (2a). The corresponding flow rate and
wall shear stress read
q(0) =
1
3
Λh3 +
1
2
τih
2 , τ (0)w = 3
q(0)
h2
− 1
2
τi . (7)
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In addition, the continuity equation ∂xu+∂yv = 0 provides the cross-stream velocity:
v(1) = Re ∂xGy3/6− (∂xτi + Λ∂xh+Re ∂xG h)y2/2 . (8)
Finally, at O(ε), the x-momentum equation of (1) becomes (by using the pressure (3))
∂tu
(0)+u(0)∂xu(0)+v(1)∂yu(0) = We−1∂3xh−cosβFr−1∂xh+Re−1∂yyu(1) , (9)
whose double integration gives the velocity profile at order one, namely
u
(1)
1 =
Re
24
(2h− y)(−y2 + 2hy + 4h2)y
[(
Λh+ τi
)
Λ ∂xh−Re ∂tG
]
+
Re2
360
[
Λ(y5 + 24h5 + 15h2y3 − 6hy4 − 20h3y2) + 3τi(−10h4 + 5hy3
− 2y4)
]
y ∂xG+
Re
24
[
(4h3 − y3)τi + (2h3 + y3 − 2hy2)Λh
]
y ∂xτi
− Re
6
(3h2 − y2)y ∂tτi + Re2
( 1
We
∂3xh− cosβ
Fr
∂xh
)
(2h− y)y .
(10)
The first-order wall shear stress τw(1) = ∂yu(1)|0 instead reads
τw
(1) =
1
3
Λh3Re(Λh+ τi) ∂xh+
1
60
Re2 h4(4Λh− 5τi) ∂xG
+
1
12
Re h3
(
Λh− 2τi
)
∂xτi − 13Re
2h3∂tG− 12Re h
2∂tτi .
(11)
Now that velocity and stress fields have been fully computed, system (4) of integrated
boundary-layer equations can be finally closed. However, given to the small inertial
effects considered in the liquid (the l.h.s. of (4b) is at O(ε)), only the wall shear
stress term needs a closure law at order one, whereas the integral of squared velocity
requires simply the leading-order parabolic profile (6) [19, 20, 15, 10].
Therefore, by replacing the velocity profile (6) into the integral of squared velocity
appearing in (4b), equations (4) read
∂th+ ∂xq = 0 , (12a)
∂tq + ∂x
[6
5
q2
h
+
1
60
h3τi(Λh+ 2τi)
]
+
cosβ
Fr
h∂xh
=
1
Re
[
Λh+ τi − τw
]
+
1
We
h ∂3xh ,
(12b)
where τw = τw(0) + τw(1), given by (7) and (11), respectively.
3 Two-layer flow and liquid-gas boundary conditions
Recalling that subscripts 1, 2 refer to the film and the gas, respectively, we develop
here a coupling methodology between the two phases, in order to study the two-layer
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problem of Figure 1. Equations (12) can be rewritten as (details can be recovered in
Lavalle [12])
∂th+ ∂xq = 0 , (13a)
∂tq + ∂x
(q2
h
+ P
)
=
1
Re
[
Λh− 3q
h2
+
3
2
τi − T
]
+
1
We
h ∂3xh , (13b)
where P is the "pressure" part (in analogy with the Navier-Stokes equations) of the
shallow water momentum flux and T derives from the first-order wall shear stress (11):
P =
2
225
Λ2h5 +
1
15
Λτih4 +
1
12
τi
2h3 +
1
2
h2
Fr
cosβ , (14)
T =
1
240
h3Re(3Λh+ 14τi) ∂xτi +
1
8
h2Re ∂tτi
+Re2h4
( 3
175
Λh+
1
24
τi
)
∂xG+
1
15
Re2h3 ∂tG .
(15)
We couple the depth-integrated equations (13-15) to the compressible Navier-Stokes
equations accounting for the gas phase. By using as length, velocity and density
scales the film thickness h˜0, the mean film velocity U˜0 and the uniform gas density
ρ˜2, respectively, the dimensionless form of the Navier-Stokes equations reads
∂tρ2 +∇ · (ρ2u2) = 0
∂t(ρ2u2) +∇ · (ρ2u2 ⊗ u2) = − 1
γ2M2
∇p2 + ρ2g
Fr
+
1
Re2
∇ ·T2
. (16)
Here, ⊗ is the outer product, T2 the viscous stress tensor and γ2 the heat capacity
ratio. The dimensionless number Fr is the same as before, while Mach and Reynolds
numbers are defined as M = U˜0a˜−1 and Re2 = U˜0h˜0ν˜−12 , where a˜ is the sound
celerity and ν˜2 the uniform kinematic viscosity of the gas.
The coupling between the two phases takes place at the interface. The gas exerts
interfacial shear stress τi and pressure gradient −G˜ over the film, which are defined
as
τi = m∂yu2|h , G = −r∂xp2|h , (17)
where m = µ2/µ1 and r = ρ2/ρ1 are the ratio of viscosities and densities, respec-
tively. For what concerns the gas, the top wall is rigid and fixed, namely
u2(y = H˜/h˜0) = 0 , v2(y = H˜/h˜0) = 0 . (18)
The liquid film transfers to the gas the velocity and the position of the interface.
Navier-Stokes equations (16) are thus solved by means of the continuity of velocities
and kinematic condition:
u2|h = u1|h , v2|h = v1|h . (19)
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Figure 2: Sketch of film (bottom) and gas (top) solver geometries. In the background, dashed lines indicate
the base configuration, i.e. Figure 1.
The system is closed by the derivation of u1|h through the leading-order velocity
profile (6). At y = h, expression (6) leads to u1|h = 3q1h−1/2 + τih/4, while v1|h
is directly obtained by the kinematic condition ∂th+ u|h∂xh = v|h.
4 The numerical approach
In the computational analysis, we treat the two-layer channel flow of Figure 1
with periodic boundary conditions on left and right sides, while top and bottom sides
are rigid walls. Meanwhile, due to the periodic boundary conditions, the wavelength
rather than the frequency must be imposed in the performed computational investi-
gations. Initial conditions correspond to the perturbed equilibrium state.
We divide the channel geometry of Figure 1 into two frameworks, which represent
the structures of two distinct solvers: the bottom of Figure 2 is referred to the film
solver, while the top of Figure 2 to the gas solver. The film solver is based on the low-
dimensional film model (13-15) previously introduced. These equations have been
discretized with a second-order space-time discretization. In addition, an evolution
equation for the surface tension has been considered to avoid scheme instabilities [17].
On the contrary, the gas solver describes a laminar gas bounded on the top by a rigid
and fixed wall, and on the bottom by a liquid film, which is modeled as a wavy
wall with a certain motion. The gas solver works with equations (16) and accounts
for moving meshes (ALE). These equations have been discretized with a first-order
space-time discretization, and by using a low-Mach scheme to treat flows at very
low speed with compressible equations [8]. Furthermore, as highlighted in Figure 2,
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the two solvers exchange informations at the interface. Particularly, following the
previous section, we choose to provide interfacial shear stress and pressure gradient
from the gas solver to the film, while the film solver returns shape and velocity of
the interface to the gas. This data exchange permits to model the interface and all
mutual effects between the liquid and the gas. This choice of coupling methodology
is coherent with the fact that the long-wave model of the liquid phase provides the
information of the film thickness. However, other choices of liquid-gas coupling are
possible.
The steps of the coupling procedure are the following:
1. the film solver computes film thickness h and average velocity U at time level
n + 1. Interfacial shear stress τi and pressure gradient −G, as well as their
respective spatio-temporal derivatives must be known: these are given either
from the previous computation at time n or from the initial conditions at time
t = 0;
2. film thickness hn+1 and average velocity Un+1 can be then used to evaluate
the velocity field at the interface, (u|h)n+1 and (v|h)n+1 through (6) and the
continuity equation, as well as the displacement of the interface with respect
to the previous time step;
3. subsequently, the position of the interface at time n+ 1 can be manipulated to
update the mesh of the gas solver. The bottom cell of the grid moves exactly
as the interface, while the motion of all other vertical nodes is submitted to a
mesh-update law;
4. the displacement of every single node allows evaluating the ALE velocity cor-
responding to each edge, to be used in the discrete Navier-Stokes equations;
5. the gas solver takes as input the interfacial velocities, the updated mesh and the
ALE velocity to compute density and velocity fields at time step n+ 1;
6. finally, interfacial shear stress τn+1i and pressure gradient −Gn+1 can be com-
puted, as well as their respective spatio-temporal derivatives by means of central
difference and backward discretization.
This coupling methodology applies a first-order time discretization and is explicit,
in a way that the gas solver adopts at time level n the output provided by the film
evaluated at the step n + 1. As a consequence, the time step is imposed by the
minimum between the two solvers.
5 Results
In this section, we investigate the SWANS model by simulating non-linear waves
occurring in two-layer co-current flows. For this purpose, two tests have been per-
formed. The first is taken from the work by Dietze & Ruyer-Quil [5] and consists
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Table 1: Dimensionless thickness 2pihL−1x and dimensionless numbers for the horizontal confined channel
test and the vertical large channel one. In this case Rˆe2 = Re2U˜2U˜−10 L˜h˜
−1
0 with U˜2 average
gas velocity and L˜ length of the channel.
test channel 2pih1L−1x 2pih2L−1x Re1 Rˆe2 Fr We
horizontal narrow 0.031 0.063 4.48 36.8 0.93 0.002
vertical large 0.205 7.487 16.5 1972 5.65 0.021
Table 2: Physical properties of the air-water flow used for the two-layer validation test.
fluid ρ(kg m−3) ν(10−5m2s−1) γ(10−3N m−1) ρ2/ρ1 µ2/µ1
water 1000 0.1 76.9 0.001 0.01air 1 1
in a strongly confined film-gas system driven by pressure gradient in a horizontal
channel. Our computational analysis provides spatio-temporal evolutions of the film
thickness, as well as interfacial shear stress and pressure gradient fields. These are
then compared to the DNS simulations of Dietze & Ruyer-Quil by means of Open-
FOAM, as well as to their full reduced model, which consists in using second-order
depth-integrated equations in both layers.
The second test, instead, is a vertical two-layer system driven by gravity and flowing
in a large channel, meaning that the liquid film is thin compared to the wavelength of
traveling waves while the gas layer is not. The spatio-temporal evolution of the film
thickness is compared to DNS performed with the code Slosh of ONERA [2, 21].
5.1 Horizontal test
A liquid film flows in a horizontal channel sheared by a confined laminar gas.
Such a two-layer flow is pressure-driven and develops in a strictly narrow channel.
The uniform film thickness h1 = 0.13 mm is 1/3 of the channel height. Gravity is not
considered as may happen for film flowing under micro-gravity conditions. Finally,
Table 1 shows the values of 2pihL−1x for the liquid and the gas: the long-wave theory
can be applied to both the layers, being kh << 1.
The initial conditions coincide with the uniform flow with a sinusoidal perturba-
tion, i.e. h = h0[1+  sin(2pixλ−1)] (and same for the flow rate q), with  = 0.25 for
comparison with Dietze & Ruyer-Quil. A pressure jump of ∆p = 64 Pa is imposed
between the entry and exit sides of the channel, while the fluids are water and air,
whose physical properties are listed in Table 2.
Figure 3 shows the time evolution of the film thickness consequence of the per-
turbed equilibrium. At the beginning, irregular waves develop before the achievement
of periodic conditions, characterized by waves composed by a main hump anticipated
by capillary ripples. In order to validate the SWANS model, the space evolution of the
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Figure 3: Time evolution of the film thickness normalized with the uniform flow at x = 0. Dimensionless
numbers in Table 1.
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Figure 4: Traveling wave in the channel at t = 0.75 s, and comparison between DNS of Dietze & Ruyer-
Quil (dashed line), Figure 7(a) of [5], and SWANS (solid line). Dimensionless numbers in
Table 1.
film thickness has been compared with the one provided by the DNS from Dietze &
Ruyer-Quil [5]. Figure 4 compares the profile of the traveling wave normalized with
the channel height H . Firstly, one can notice that traveling waves reach large levels
of amplitude, by occupying more than half of the entire channel height, resulting in a
strong reduction of the gas cross-section. Secondly, the comparison between SWANS
(solid line) and DNS (dashed line) shows good agreement: the deviation at the peak
level is almost 5%. A larger difference between the two arises at capillary ripples.
However, we recall that first-order long-wave models miss second-order stream-wise
diffusion and this manifests itself mostly on amplitude and phase of capillary ripples
(Kalliadasis et al. [10]).
The wave profile is also shown in Figure 5, comparing the SWANS model to
the second-order two-layer long-wave model developed by Dietze & Ruyer-Quil [5],
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Figure 5: Space evolution of film thickness normalized to the flat value h0 = 0.13 mm. Comparison
between the two-layer long-wave model of Dietze & Ruyer-Quil (dashed line) and SWANS (solid
line). Dimensionless numbers in Table 1.
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Figure 6: Streamlines in the gas phase in the wall reference frame. The red line represents the interface,
whose uniform and flat condition is located at y = 0.
showing again a good agreement. Meanwhile, Figure 6 shows the streamlines in the
gas phase in the wall reference frame. We notice a small deviation of the streamlines
in the capillary region due to the presence of a recirculation zone, as confirmed by
the zoom sketched on the left of Figure 10.
5.2 Vertical test
In the second test, we investigate a gravity-driven air-water system flowing in a
vertical large channel. In such a configuration, the long-wave theory can be applied
to the liquid film only, because the gas thickness is of the same order as the imposed
wavelength λ = 5.2 mm, see Table 1.
The uniform flow is disturbed according to h = h0[1 +  sin(2pix/λ)] (and same for
the flow rate q), where  = 0.25 and h0 = 0.17 mm.
22ème Congrès Français de Mécanique Lyon, 24 au 28 Août 2015
 0.5
 0.6
 0.7
 0.8
 0.9
 1
 1.1
 1.2
 1.3
 1.4
 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18
h/h
0
t (s)
Figure 7: Film thickness time evolution at x = 0. Comparison between SWANS (solid line) and DNS
provided by means of Slosh (dashed line). Dimensionless numbers in Table 1, and h0 =
0.17 mm.
Film thickness spatio-temporal evolutions have been compared with our DNS
simulations provided by means of the ONERA platform Slosh. Comparison of the
time evolution of the film thickness in Figure 7 shows good agreement. However,
a small discrepancy in the wave frequency of about 5% appears, as well as in the
amplitude of the humps. Figure 8 compares the profiles of saturated non-linear waves;
we again notice a good agreement between SWANS and DNS.
Figure 9 shows the streamlines in the gas phase in the wave reference frame.
Noteworthy is the deviation of the streamlines above the trough of the wave, which
suggests the presence of a big vortex even higher than the wave crest, as confirmed
by the zoom in the right of Figure 10.
All these comparisons demonstrate that using the ALE technique to transfer the
interface position is a satisfying instrument for the non-linear description of two-layer
flows.
Conclusions
We have investigated the two-dimensional non-linear dynamics of thin liquid films
sheared by a laminar gas flow in inclined channels. So far, this problem has been
studied either with DNS, i.e. Navier-Stokes equations applied to both the phases
(Frank [6, 7], among the others), or with a full low-dimensional model, based on
depth-integrated equations applied to liquid and gas (Dietze & Ruyer-Quil [5]). The
former manifests a too great computational cost when studying industrial applications.
The latter can be instead applied only to extremely narrow channels, where the gas
thickness remains very thin compared to the wavelength of interfacial waves.
In this work, we have provided a coupling methodology between depth-integrated
and Navier-Stokes equations, accounting for the liquid and gas phases respectively.
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Figure 8: Film thickness space evolution of saturated non-linear waves at t = 0.165 s. Comparison
between SWANS (solid line) and DNS provided by means of Slosh (dashed line). Dimensionless
numbers in Table 1.
Figure 9: Streamlines in the gas phase in the wave reference frame. The red line represents the interface,
whose uniform and flat condition is located at y = 0.
Figure 10: Zoom of the streamline pattern: horizontal test (left) and vertical test (right).
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Consistent depth-integrated equations described here are accurate at order one
in the film parameter ε << 1. This long-wave model captures exactly the linear
stability threshold of long interfacial waves for thin liquid films driven by shear stress
and pressure gradient, and possibly by the gravity (a detailed linear stability analysis
of this long-wave model for gravity-driven liquid films sheared by a constant stress
can be found in Lavalle et al. [13]); furthermore, it is able to capture the long-wave
instabilities in the non-linear regime.
As for the gas flow, compressible Navier-Stokes equations have been used to
describe interactions with the wavy liquid film.
In comparison with the second-order two-layer integral model and the DNS, the
solver SWANS predicts well the evolution of the liquid-gas interface in space and time
for two numerical tests considered: a confined channel, where the long-wave theory
is still valid for the gas layer, and a large channel, where the long-wave approximation
can be applied to the liquid phase only.
For what concerns the extension of this work, accounting for dissipative second-
order terms would allow understanding the limit of first-order film models in the
comparison of non-linear waves with the DNS. Secondly, one could extend SWANS
to counter-current flows, and consider heat and mass transfers between the two phases.
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